Purpose: Biomarkers of ionising radiation exposure are useful in a variety of scenarios, such as medical diagnostic imaging, occupational exposures, and spaceflight. This study investigates to what extent microRNA (miRNA) expression signatures in mouse peripheral blood can be used as biomarkers for exposures to radiation with low and high linear energy transfers. Materials and methods: Mice were irradiated with doses of 0.5, 1.5, or 5.0 Gy g-rays (dose rate of 0.0136 Gy/s) or with doses of 0.1 or 0.5 Gy 56 Fe ions (dose rate of 0.00208 Gy/s). Total RNA was isolated from whole blood at 6 h or 24 h after irradiation. Three animals per irradiation condition were used. Differentially expressed miRNA were determined by means of quantitative real-time polymerase chain reaction. Results: miRNA expression signatures were radiation type-specific and dose-and time-dependent. The differentially expressed miRNA were expressed in either one condition (71%) or multiple conditions (29%). Classifiers based on the differentially expressed miRNA predicted radiation type or dose with accuracies between 75% and 100%. Gene-ontology analyses show that miRNA induced by irradiation are involved in the control of several biological processes, such as mRNA transcription regulation, nucleic-acid metabolism, and development. Conclusion: miRNA signatures induced by ionising radiation in mouse blood are radiation type-and radiation dose-specific. These findings underline the complexity of the radiation response and the importance of miRNA in it.
Introduction
Biomarkers of ionising radiation exposure are useful in a variety of scenarios, such as medical diagnostic imaging, occupational exposures, and spaceflights. In contrast with physical dosimeters, radiation biomarkers have the potential to provide information on both radiation dose and radiation-induced changes of biological functions. In general, two types of biomarkers have been developed. The first type is based on the detection of radiation-induced chromosomal damage, such as chromosomal translocations and micronuclei formation. Such biomarkers have been successfully used in retrospective radiation biodosimetry and have become established biomarkers for radiation exposure (Durante et al. 2003 , Rodrigues et al. 2005 , George et al. 2010 . The second group of radiation biomarkers shows radiation-induced functional changes in cells, tissues, and organisms. Recently, high-throughput methodologies have been used to estimate the extent of radiation-induced functional changes. Comparisons of gene expression between irradiated and control samples effectively discriminate irradiated from nonirradiated samples, as well as samples exposed to low doses of radiation from samples exposed to high doses. Additionally, functional analyses of the differentially expressed genes show that radiation induces changes in many cellular processes (Fachin et al. 2007 , Amundson 2008 , Paul and Amundson 2008 , Roy et al. 2009 , Brengues et al. 2010 ). These studies demonstrate the feasibility of using gene expression to estimate both radiation dose and the physiological effects of ionising radiation.
The main goal of our study is to show to what degree microRNA (miRNA) can be used as biomarkers for exposure to ionising radiation. miRNA are a very important class of non-proteincoding genes. They are predicted to regulate the expression of more than 50% of the human proteincoding genes by means of mRNA destabilisation and translational repression (Shkumatava et al. 2009) . miRNA have been shown to play important roles in cell signalling pathways, physiological processes, and human pathologies (Mehler and Mattick 2007 , Carthew and Sontheimer 2009 , Croce 2009 , Fineberg et al. 2009 , Umbach and Cullen 2009 . Previous studies have shown that radiation with low linear energy transfer (LET) can induce changes in miRNA expression profiles in normal human fibroblasts (Maes et al. 2008 , Simone et al. 2009 ) and immortalised cell lines (Ishii and Saito 2006 , Marsit et al. 2006 , Josson et al. 2008 , Chaudhry 2009 , Shin et al. 2009 ).
In the present study, we validated miRNA as biomarkers for exposure to low-LET g-rays and high-LET 56 Fe ions. 56 Fe and other heavy ions are components of galactic cosmic rays which pose a health threat to astronauts, particularly on missions beyond low earth orbit. Our investigation is an in vivo proof-of-principle study, in which we exposed C57BL/6 mice to various doses of g-ray or 56 Fe-ion total body irradiation and measured miRNA expression levels in the blood of the irradiated and control mice. Due to its easy accessibility and the relative non-invasiveness of phlebotomy, blood is an excellent tissue for biomarker tests.
We identified 31 differentially expressed miRNA in the various irradiation conditions used in our study, including four dose-dependent ones, the expression levels of which gradually increase with increasing radiation dose. Based on this set of radiation-responsive miRNA, we developed miR-NA-based statistical classifiers that can determine the type of radiation and the radiation dose of samples with unknown irradiation status. The analysis of miRNA target genes shows that they participate in biological processes such as transcription regulation, nucleic-acid binding and metabolism, and developmental processes.
Materials and methods

Animals and irradiation
All animal husbandry and experimental procedures were conducted in accordance with applicable federal and state guidelines and approved by the Animal Care and Use Committees of Columbia University Medical Center and Brookhaven National Laboratory. Forty-two male C57BL/6 mice obtained from Taconic (Hudson, NY, USA) were used in this study. Animals were kept in holding cages in groups of three, on a regular 12 h/12 h L/D cycle with ad libitum access to food and water. Animals were 12-15 weeks of age when they were exposed to ionising radiation. Three animals were used per condition. Twenty-four mice were exposed to doses of 0 (control), 0.5, 1.5, or 5 Gy 137 Cs g-rays at a dose rate of 0.0136 Gy/s at the Center for Radiological Research at Columbia University Medical Center. Eighteen animals were irradiated with doses of 0 (control), 0.1, or 0.5 Gy 1 GeV/n 56 Fe ions at a dose rate of 0.00208 Gy/s at the National Aeronautics and Space Administration (NASA) Space Radiation Laboratory at Brookhaven National Laboratory. Extra care was taken to avoid stressing the animals during the experiments in order to minimise stressinduced changes in transcription and to ensure that the measured miRNA expression changes were indeed caused by irradiation. For this reason, we irradiated the mice in relatively large cages that did not unnecessarily restrain the animals' movements. The mice used at Columbia University were irradiated three at a time in specially designed cylindrical containers with a diameter of 30 cm and a height of 10 cm, whereas the animals used at Brookhaven National Laboratory were individually irradiated in boxes sized 11 6 8 6 6 cm (w/l/h). Animals that did not receive the maximum radiation dose were kept in their cages in the radiation facility for the same time as the animals exposed to the highest dose in order to standardise treatment conditions (*6 min for g irradiation and *4 min for 56 Fe irradiation).
Blood collection and RNA isolation
Six or 24 h after irradiation, 250 ml blood was collected from the mice using the submandibular method. The blood was collected directly in tubes containing lysis solution, a procedure which preserves the in vivo miRNA expression signatures. Three samples per condition were collected, resulting in a sample size of n ¼ 3 biological repeats per irradiation dose and time point. Each mouse was bled only once, and different animals were used for each irradiation condition (radiation type, time point, and dose). Total RNA was purified using the mirVana TM PARIS TM kit according to the manufacturer's instructions (Applied Biosystems/Ambion, Austin, TX, USA). Neither blood nor RNA from different animals was pooled, and all samples were processed and analysed separately. RNA concentration was measured on a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and RNA integrity was determined using the Agilent 2100 Bioanalyzer microelectro-phoretic system (Agilent Technologies, Santa Clara, CA, USA).
Determination of miRNA expression signatures by means of quantitative polymerase chain reaction
In order to determine miRNA expression in the blood samples, 384-well low-density TaqMan 1 rodent miRNA expression plates for quantitative real-time polymerase chain reaction (PCR) were used according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). This methodology has been shown to provide data with greater precision than the data obtained from microarrays, which are based on solid-surface hybridisations between oligonucleotide probes and target molecules, and this technology is routinely used to validate data obtained from microarray studies (Pradervand et al. 2010 , Yauk et al. 2010 . Also, it has been shown that the determination of relative miRNA expression by means of quantitative PCR is highly correlated to expression results obtained from RNA sequencing-based techniques (Pradervand et al. 2010) .
Data processing for determination of differentially expressed miRNA
The quantitative real-time PCR data was imported into RQ Manager v. 1.2 (Applied Biosystems) to determine threshold-cycle (C T ) values. The data was then exported to Excel (Microsoft Corporation, Redmond, WA, USA) for preprocessing, which included the removal of the non-relevant rat miRNA and of the miRNA that did not have detectable expression (C T ¼ 40) in both irradiated and control samples. The preprocessed data was then imported into RealTime StatMiner TM v. 3.1 software (Integromics TM , Madrid, Spain) for statistical analysis. The statistical analysis included three steps: (1) Normalisation of the expression data, (2) calculation of the p-values of the differentially expressed miRNA, and (3) calculation of the false discovery rate (FDR) for the results from step 2. The median value of each quantitative-PCR plate was used for normalisation in step 1 because all three endogenous controls supplied with a plate proved to be radiationsensitive (Hunter et al. 2008 ). In step 2, a moderated t-test (Bioconductor limma package; Smyth 2004) was used to determine the p-values for the miRNA expression levels in the different irradiation conditions, with the respective calibrator control samples serving as the reference group. In step 3, the FDR was adjusted according to the method of Benjamini and Hochberg (Benjamini and Hochberg 1995) . miRNA with FDR-adjusted p-values of less than 0.07 were included in the set of differentially expressed miRNA. Additionally, we monitored the statistical power, using the methodology of Lee and Whitmore (Lee and Whitmore 2002) , in order to determine the sensitivity of our analyses. This methodology assumes that the differential expression values follow an approximate multivariate normal distribution, based on independent log-intensity values derived from multiple repeated observations and the central limit theorem. Our analysis is based on the R package 'sizepower' by Qiu, Lee, and Whitmore (2010) , which requires as input parameters the mean number of false positives, the anticipated number of undifferentially expressed genes, the mean difference in log-expression between treatment and control conditions as postulated under the alternative hypothesis, the anticipated standard deviation of the difference in log-expression between treatment and control conditions, and the group sample size.
Standard errors of the mean (SEM) for fold changes shown in Tables I and II contain the variability of both control and irradiated samples and were calculated according to the following formula:
with SD DC T depicting the standard deviation (SD) among the normalised C T (DC T ) values of the samples belonging to a group.
Multidimensional scaling analysis of miRNA signatures
Multidimensional scaling (MDS) was performed in BRB-Array Tools v. 3.8.0 (Simon et al. 2007) . A Euclidean distance metric was used to compute a distance matrix, and the first three principal components of miRNA expression were used as the axes for the MDS plot.
Development of miRNA-based radiation class predictors
BRB-Array Tools (Simon et al. 2007 ) was also used to perform class prediction using the DC T values of the differentially expressed miRNA. The nearestcentroid method was used as the prediction method. The centroid of each class is a vector containing the averages of the DC T values of the miRNA belonging to the class. The distance of the miRNA expression profile of a sample to each of the centroids is determined, and the sample is assigned to the class with the shortest distance. The robustness of the predictor was assessed by the leave-one-out crossvalidated misclassification error rate with 10,000 random permutations, which produced error pvalues of less than 0.02 for all predictors.
miRNA as radiation biomarkers
Gene ontology analysis of miRNA target genes miRNA target genes were determined using TargetScanMouse v. 5.1 (Grimson et al. 2007 ). Only phylogenetically conserved targets with a context score 70.3, corresponding to a log 2 gene expression ratio of 70.3, as determined by multivariate linear regression fitting of gene expression Table I . MicroRNA differentially expressed in whole mouse blood after exposure to ionizing radiation in vivo. Mice were irradiated with grays (doses of 0, 0.5, 1.5, or 5.0 Gy) or 56 Fe particles (doses of 0, 0.1, or 0.5 Gy), 250 ml blood was collected directly in lysis solution, and total RNA was purified 6 and 24 h after irradiation. miRNA expression levels were determined by 384-well low-density TaqMan 1 real-time PCR miRNA expression assays. The expression data was preprocessed and normalised. Fold changes in expression level, relative to nonirradiated control samples, with a false discovery rate of 50.07 were considered to be statistically significant. ID, identification; SEM, standard error of the mean; FDR, false discovery rate. a MicroRNA that are only expressed in the sham-irradiated controls (C) or after exposure to ionising radiation (R).
b No miRNA were differentially expressed after 0.5 Gy g irradiation at the 24 h time point. microarray data (Grimson et al. 2007) , were used for gene-ontology (GO) analysis.
The predicted miRNA target genes were uploaded to the PANTHER GO database v. 6.0 (Thomas et al. 2003) , which classifies genes according to GO terms, using published scientific experimental evidence. Gene set enrichment analysis was performed, with the mouse AB1700 gene list (Applied Biosystems) serving as the reference whole-genome list. A binomial test with Bonferroni correction for multiple testing was used for enrichment analysis for biological processes or molecular functions.
Results
miRNA expression signatures induced by radiation
Mice were irradiated with g-rays or 56 Fe particles, 250 ml blood was collected, and total RNA was purified 6 and 24 h after irradiation. The g irradiation regimen consisted of doses of 0 (control), 0.5, 1.5, and 5.0 Gy, and doses of 0 (control), 0.1, and 0.5 Gy were used for the iron-irradiated animals. miRNA expression levels were determined by 384-well low-density rodent miRNA TaqMan 1 quantitative real-time PCR expression assays. The filtered and normalised expression data was subjected to thorough statistical analysis, in which we controlled the p-values and the FDR of the differentially expressed miRNA and additionally monitored the statistical power of the analysis. A total of 98 mouse miRNA (out of 160 per sample that were, on average, amplified above background level) were differentially expressed with p-values of less than 0.05. The differentially expressed miRNA were subjected to an additional FDR analysis in order to account for the multiple comparison problem (Benjamini and Hochberg 1995). The FDR was set to 0.07, which means that only 7% of the miRNA declared as differentially expressed are expected to be false positives. After applying this restrictive adjustment, we identified 31 miRNA to be differentially expressed (FDR 50.07, average p-value of 0.00008) ( Table I ). The differentially expressed miRNA were expressed in either one condition (71%) or multiple conditions (29%) (Figure 1) . Interestingly, we found that the expression values of some differentially expressed miRNA monotonically increase with increasing radiation dose. These 'dosedependent' miRNA, their fold changes, and SEM are depicted in Table II. The results from the power analysis show that the power to detect 2-fold differences between the compared experimental conditions is relatively low (average power of 0.37), but for differences of 3-fold and over, the statistical power increases considerably and is, on average, 0.83 for 3-fold differences, 0.96 for 4-fold differences, and 0.99 for 5-fold differences. Correspondingly, 23 out of the 31 detected differentially expressed miRNA exhibit a radiation-induced up-or downregulation of 3-fold or more. Since the effect of miRNA on gene downregulation depends on their expression levels (Bartel 2009 ), the miRNA exhibiting high fold changes are likely to have larger effects on gene expression than the ones that differed less between the irradiated and control samples. Therefore, the lack of detection power for Table II . Dose-dependent microRNA. Dose-dependent miRNA show dose-dependent changes in expression levels, i.e., they show monotonic increases in expression levels with increasing radiation dose. Only results for miRNA whose expression levels are statistically significantly different from control expression levels as well as significantly different between doses of 1.5 Gy and 5.0 Gy are reported. miRNA as radiation biomarkerslow fold changes, although not to be underestimated, most probably does not significantly impact the results of the gene ontology analysis reported here.
Multidimensional scaling analysis of miRNA signatures
In order to visualise to what degree miRNA signatures can reveal the global differences between the different irradiation conditions, we used MDS for graphical representation. MDS was applied separately to each irradiation condition (radiation type, time point, and dose), and only miRNA that were differentially expressed were used to build up an MDS space. Figure 2 shows an MDS plot for the nine samples that were obtained 24 h after g irradiation. As can be seen from the plot, MDS shows good separation between the samples, which confirms that the observed differences in miRNA expression are significant.
miRNA signature-based class prediction
The differentially expressed miRNA were used to build up classifiers in order to test to what degree miRNA signature-based class prediction is able to indicate the irradiation status of mouse blood samples. The leave-one-out cross validation method was used to test the robustness of the classifiers. In this method, all samples -except one -are used to build the classifier, and the ability of the classifier to correctly predict the class membership of the left-out sample is computed. This process is continued until each sample has been left out once, and the parameters that characterise the performance of the classifier are based on the overall ability of the classifier to correctly assign the samples to the classes they belong to.
Three parameters were calculated to gauge classifier performance: Accuracy, sensitivity, and specificity. Accuracy is the percentage of samples correctly assigned to the class they belong to. Sensitivity is the probability for a sample belonging to a class to be correctly predicted as belonging to that class. Specificity is the probability for a sample not belonging to a class to be correctly predicted as not belonging to that class.
Two different types of classifiers were created. Their performances are shown in Table III . The first type of classifier was designed to classify samples according to radiation type (g, iron, or control), irrespective of time point after irradiation and radiation dose. Seven miRNA were included in this predictor. This predictor correctly classified 75% of the unknown samples, with specificities and sensitivities ranging from 0.667-0.917.
The second type of classifier was designed to classify samples according to the received radiation doses (g: 0.5, 1.5 and 5 Gy;
56 Fe: 0.1 and 0.5 Gy) irrespective of time point after radiation exposure. This type of predictor is used for a sample for which it is known in advance to what type of radiation (g or 56 Fe) it was exposed. The g predictor contained 24 miRNA and correctly classified 88% of the unknown samples, with specificities and sensitivities ranging from 0.667-1.00. The iron predictor contained 13 miRNA and correctly classified 100% of the samples, with all specificities and sensitivities equal to 1.00. These results show that, in principle, blood miRNA expression profiles derived from C57BL/6 mice can be used to predict the radiation conditions that the animals were exposed to. It would be informative to Figure 2 . Clustering of samples by means of multidimensional scaling (MDS). The nine g ray-treated samples collected at 24 h after irradiation were projected onto a space spanned by three orthogonal axes (represented by the box) that optimally preserves the information about the differences in miRNA expression levels among the three irradiation conditions. A Euclidian distance metric was used to construct the MDS axes. The distance between any two points (samples) reflects their overall similarity with respect to the expression levels of the miRNA included in the classifier. As can be seen from the plot, MDS is able to separate the samples according to radiation dose. conduct additional studies to further investigate the suitability of miRNA as radiation classifiers.
miRNA targets and gene ontology analysis
Changes in miRNA expression induce changes in the expression of a large number of target genes. Therefore, miRNA expression changes potentially reveal important information not only about the irradiation conditions as shown above, but also about the biological changes in the irradiated cells and organisms. We attempted to determine the physiological significance of radiation-induced miRNA expression changes by: (1) Determining the genes that are targeted by the differentially expressed miRNA, and (2) reconstructing the processes and functions that the target genes are involved in. Because blood-cell composition depends significantly on the dose and time after irradiation, it is difficult to distinguish which miRNA expression levels change as a result of functional changes in the irradiated cells and which change simply because the cell subsets before and after irradiation are different. For doses 1 Gy X-rays, lymphocyte counts change considerably over time, reaching very low numbers 24 h after irradiation, in contrast with other blood cells, such as neutrophils (Dainiak 2002 , Ossetrova et al. 2010 . For this reason, we performed GO analysis of the targets of only those differentially expressed miRNA which had no detectable expression in the control samples, but whose expression was switched on by radiation. Using this approach we ensure that the results of the GO analysis reflect indeed a cellular response to ionising radiation, rather than merely radiation-induced differences in the composition of blood cells. miRNA target genes were determined using TargetScanMouse v. 5.1 (Grimson et al. 2007 , Friedman et al. 2009 ). Only high-probability target genes with context scores of 70.3 and at least one conserved miRNA target site, as defined by phylogenetic-tree analysis, were selected. Using these criteria, only conserved target genes that were downregulated by at least 23% by the respective miRNA were included in the analysis. GO analysis for biological process and molecular function was performed using the PANTHER GO database v. 6.0 (Thomas et al. 2003) . All results are based on the Bonferroni correction for multiple testing. The results show that after irradiation, miRNA control of biological processes associated with nucleic-acid processing, especially transcription, is increased ( Figure 3A) . Developmental processes are also under the control of radiation-induced miRNA, which is not unexpected considering the important roles of miRNA in development (Olsen and Ambros 1999, Kloosterman and Plasterk 2006) . Equally important is the enrichment of miRNA target genes in molecular functions involving transcription and DNA/ RNA binding ( Figure 3B ), emphasising the important regulatory function of miRNA (Mattick 2004 , Bartel 2009 ). Overall, these results demonstrate that Figure 3 . Biological processes and molecular functions with increased miRNA control after irradiation. The GO analysis is based on genes targeted only by miRNA that were switched on by irradiation. The target genes were determined using TargetScanMouse v. 5. (Grimson et al. 2007 ) and then uploaded to the PANTHER GO database v. 6.0 (Thomas et al. 2003) to determine the biological processes (A) and molecular functions (B) in which the target genes are overrepresented. The mouse AB1700 gene list (Applied Biosystems) was used as the reference genome. Processes and functions above the horizontal dashed line exhibit significant enrichment at a Bonferroni-corrected p-value of 50.05. radiation induces changes in the processes and functions controlled by miRNA. This indicates that miRNA has the potential to be used as an indicator of functional cellular changes.
Discussion
In this paper we analyse miRNA expression in vivo in the blood of mice irradiated with g-rays (as an example of low-LET radiation) or 56 Fe ions (as an example of high-LET radiation). Our main finding is that ionising radiation induces changes in the miRNA signature of whole blood and that these changes depend on the irradiation parameters.
Overall we found that 31 miRNA (19% of all detected miRNA) were differentially expressed after irradiation. Noticeably, the differentially expressed miRNA and their numbers differ among the various irradiation conditions. More miRNA are generally differentially expressed at high radiation doses, compared to low doses. However, for the low doses (0.5 Gy and 1.5 Gy g-rays and 0.1 Gy 56 Fe ions) the numbers of miRNA whose expression levels changed upon radiation exposure were lower at 24 h after irradiation compared to the earlier time point. This decrease may be explained by the repair of radiation damage. For the high doses (5.0 Gy g-rays and 0.5 Gy 56 Fe ions) the numbers of differentially expressed miRNA were approximately the same for both time points.
The differentially expressed miRNA fall into two categories: (1) miRNA expressed in one condition only, and (2) miRNA expressed in multiple conditions. Out of the differentially expressed miRNA, 71% are specific to a particular radiation condition. The rest is expressed in two conditions (26%) or three conditions (3%). These findings underline the complexity of the radiation response and the importance of miRNA in this response. A comparison of miRNA signatures induced by equitoxic doses of two different types of radiation shows that miRNA profiles are radiation type-specific. For example, 1.5 Gy g and 0.5 Gy 56 Fe irradiation, the estimated relative biological effectiveness of which varies from 2-4 depending on the endpoint investigated (Peng et al. 2009 ), induce different miRNA expression signatures. These results are in agreement with previous studies that showed differences between gene expression signatures induced by lowand high-LET irradiation in cells and tissues (Ding et al. 2005 , Zhang et al. 2006 , Matsumoto et al. 2008 . In some cases the expression of a small number of miRNA appears inconsistent, i.e., they are differentially expressed at radiation types, time points, and/or doses that are quite different from each other. Four miRNA belong to this category. These are miR-125a-3p (differential expression at g 24 h 5.0 Gy and at 56 Fe 6 h 0.1 Gy, but not at 0.5 Gy 56 F ), miR-501-3p (differential expression at g 24 h 5.0 Gy and at 56 Fe 6 h 0.5 Gy, but not at 56 Fe 24 h), miR-511 (differential expression at g 6 h 0.5 Gy and at g 24 h 5.0 Gy, but not at g 1.5 Gy), and miR-685 (differential expression at g 6 h 5.0 Gy and at 56 Fe 24 h 0.1 Gy, but not at 56 Fe 0.5 Gy). The detected differential expression of these miRNA in disparate irradiation conditions might be explained by the fact that some miRNA may belong to multiple 'response networks' that are activated by different cellular stimuli. Moreover, the limited power of our analysis to detect differentially expressed miRNA with low fold changes may have prevented the detection of these miRNA in additional irradiation conditions. We attempted to cross-validate our results with other studies. We did not find any other published work describing radiation-induced miRNA expression changes in mouse blood for comparison. A comparison of our findings with radiation-induced miRNA expression profiles in human cell lines and primary cells shows very little overlap, probably because of differences in species, model system, cell type, and irradiation conditions (Maes et al. 2008 , Cha et al. 2009a , 2009b .
Biomarkers determined by high-throughput assays are frequently used to build classifiers that can predict the treatment status of unknown samples. Gene expression signatures of mouse and human peripheral blood cells were successfully used to build radiation class-prediction classifiers (Meadows et al. 2008 , Paul and Amundson 2008 , Meadows et al. 2010 . Dressman et al. (2007) showed that such classifiers perform well in distinguishing between irradiated and non-irradiated human samples (accuracy of 90%, sensitivity of 85%, and specificity of 94%). Importantly, the authors also showed that radiation-induced gene expression signatures derived from mouse blood can predict the irradiation status of human samples with very good accuracy (Dressman et al. 2007 ).
Since miRNA expression signatures contain information about the regulation of hundreds to thousands of target genes, it is very reasonable to use them for the development of radiation classifiers. Based on the detected differences in miRNA expression signatures, we developed such classifiers and showed that miRNA can be used, in principle, as predictors of radiation exposure. Our classifiers performed with variable accuracy: They classified the samples reasonably well according to radiation type (accuracy of 75%) and were very exact for dose estimation (accuracy of 88% for g-rays and of 100% for 56 Fe ions). An advantage of our classifiers is that they encompass various scenarios that require predictions about received radiation exposures. It is possible to run two predictors in sequence. For example, if neither the radiation type nor the dose of exposure is known, the classifier predicting radiation type can be applied first, and, after the radiation type has been determined, a g-or 56 Fe-specific classifier can be used to estimate the dose of exposure. A further advantage is that the classifiers do not require a pre-exposure control sample because: (1) All samples that were used to develop the classifiers were derived from separate, independent organisms, and (2) the nearest-centroid classifiers that we developed are able to assign a radiation type and a radiation dose to a sample with unknown radiation status based on the absolute normalised expression values (DC T values) of the miRNA contained in the classifier. It has to be noted, however, that the miRNA used for class prediction are not necessarily radiation-specific; differential expression of miRNA as reported in this study might also be induced by other cellular stresses, such as inflammation, reactive oxygen species, and cytotoxic chemicals (Simone et al. 2009 ).
We also analysed the functions of the genes targeted by the differentially expressed miRNA in order to obtain information on the physiological changes in mouse blood induced by g or 56 Fe irradiation. The numbers of the target genes of the differentially expressed miRNA per irradiation condition are considerable. For example, 6 h after g irradiation with 1.5 Gy, 515 genes (conserved targets only) are targeted by the differentially expressed miRNA, using our context-score cut-off criterion. As a result, the effects of the radiation-responsive miRNA on cellular processes could be quite substantial. The GO analysis results show that irradiation changes miRNA control of specific biological processes, such as nucleic acid metabolism, transcription regulation, and development (Figure 3 ).
Conclusion
In recent years, it has become increasingly evident that miRNA signatures describe cell and tissue status very precisely. Several studies have shown that miRNA expression profiles have a greater classificatory power to characterise some tumour types and other diseases than gene expression signatures (Negrini et al. 2009 , Small et al. 2010 . The results of our study are in line with these findings by demonstrating that mouse blood miRNA signatures change in response to radiation. While the results of our study cannot be directly applied to human biodosimetry, they do demonstrate the feasibility of using blood miRNA as in vivo biomarkers that can distinguish between low-and high-LET radiation, as well as between different doses of ionising radiation. Other studies, aimed to show to what degree ionising radiation induces changes in miRNA expression in the blood of human radiotherapy patients, are in progress in our laboratory.
